A human sialophorin (CD43) specific genomic clone was isolated, and a 6.5 kb fragment containing the 4.6 kb sialophorin gene was sequenced. The promoter region contains no TATA or CAAT boxes, but is highly enriched in G and C nucleotides and contains short repeat sequences similar to those found in the promoters of 'housekeeping' genes. SI-nuclease protection and primer-extension experiments established that the sialophorin gene has two major transcription initiation sites. There is a single intron of 378 bp that interrupts the sequence specifying the mRNA 5' untranslated region. The gene is therefore unusual in that the discrete extracellular, transmembrane and intracellular regions of the protein, including repeat sequences in the extracellular region, are not encoded by separate exons.
INTRODUCTION
Sialophorin, which has also been called gpLl 15 [1, 2] , large sialoglycoprotein [3] , leukosialin [4, 5] , CD43 [6] in human and W3/13 antigen in rat [7] , is a heavily glycosylated surface molecule on T-lymphocytes and thymocytes, some Blymphocytes, monocytes, neutrophils and platelets [8, 9] . Sialophorin is phenotypically defective on lymphocytes in the inherited immunodeficiency Wiskott-Aldrich syndrome [1, 2] . It has been postulated that the maintenance of lymphocytes in the circulation [9] , as well as their surface morphology [10] , is dependent on the presence of intact negatively charged sialophorin molecules. Sialophorin functions in vitro as the cellsurface component of a T-cell activation pathway [3, 8, 11] , which is independent of the T-cell receptor-CD3 complex [12] . Antibodies to sialophorin also activate monocytes [13] and increase the activity of NK cells [14] .
Sialophorin is a transmembrane protein; the overall composition of the molecule purified from lymphoid cells is approx. 60 % carbohydrate/40 % protein [7, 15] . The extracellular region oflymphoid sialophorin contains 80-90 mucin-type carbohydrate units, which were characterized as primarily sialylated GalGalNAc units [2, 7, 16] . Studies with phorbol 12-myristate 13-acetate indicate that the intracellular region of sialophorin is phosphorylated by protein kinase C [17] . Cell-specific and stagespecific glycosylation patterns give rise to sialophorin species with different apparent molecular masses; co-electrophoresis [4] and peptide-mapping [18] studies indicate that the different species share a common polypeptide core.
Human [19, 20] and rat [5] sialophorin cDNA clones have been isolated and sequenced. The human cDNA sequences predict a primary translation product of 400 amino acids comprising an apparent 19-residue leader peptide and a mature polypeptide of 381 amino acids (Mr 38444), which includes a single 23-residue transmembrane region [19, 20] . The 235-residue N-terminal extracellular sequence contains five tandemly arranged 18-aminoacid repeats proximal to the membrane, and is extremely rich in serine, threonine and proline residues, consistent with the attachment of 80-90 0-linked carbohydrate units. The Cterminal intracellular region comprises 123 residues and contains several potential phosphorylation sites. Pallant et al. [19] have estimated the sialophorin mRNAs to be 2.3 and 8.0 kb.
Sialophorin is encoded by two mRNAs which are both present in all lymphoid cell lines analysed to date [19, 20] . Our previous studies indicate that the sialophorin mRNA species are 1.9 and 4.3 kb; the size difference arises primarily from utilization of different polyadenylation signal sequences [20] .
Southern-blot analysis his established that sialophorin is encoded by a single gene on chromosome 16 [20] ; hybridization in situ has further localized the gene to band p1 1.2 [19] . Therefore, although sialophorin is phenotypically defective on Tlymphocytes in the Wiskott-Aldrich syndrome, its gene cannot be the causative locus, since the disease is X-chromosome-linked.
Here we report the isolation and nucleotide sequence of the human sialophorin gene and its immediate flanking regions. Several structural and potential control elements that are not typical of genes encoding integral membrane proteins have been identified.
MATERIALS AND METHODS
Isolation and analysis of the sialophorin gene An EMBL-3 human genomic library constructed from a partial endonuclease-Sau3AI digest of human lymphoblast DNA (gift from Dr. S. Orkin, Children's Hospital, Boston, MA, U.S.} was screened in duplicate with a human sialophorin cDN probe (CEM-E/N; [20] ) as described by Benton & Davis [2' One positive clone AS20, was identified among 106 plaquw isolated and grown in bulk for DNA preparation [22] .
Restriction-endonuclease mapping DNA prepared from human peripheral-blood lymphocyt [23] and cloned AS20 DNA were digested with various restricti4 endonucleases (New England Biolabs, Beverly, MA, U.S.A DNA fragments were subjected to agarose-gel electrophore; and transferred to nitrocellulose (Schleicher and Schuell, Keer NH, U.S.A.) by the method of Southern [24] . Prehybridizatio hybridization of the cDNA fragment CEM-E/N [20] and washii of filters were as described by Maniatis et al. [22] . DNA sequencing Double-stranded DNA was sequenced by the dideoxynucle tide-chain-termination/extension method [25] using Sequena (United States Biochemical, Cleveland, OH, U.S.A.). The e treme 5' and 3' ends of the inserts of pSH6.5, pSP2. 1, pSP2 pSPBI.1, pSPBO.8, pSPBXl.0 and pSPBXO.9 were sequenc using the reverse and universal M13 sequencing primers (N England-Biolabs) respectively. A series of specific oligonucleoti primers based on the sialophori'n cDNA sequence [20] , and t sialophorihn gene sequence as-it, became known, were synthesiz on an-Appl"ed Biosystems 380B DNA synthesizer and used sequence thesremaining regions of the; insert of pSH6.5. T entire nucleotide' sequence of the insert of pSH6.5 was determin on both DNA strands.
Sl-nuclease protection experiments
The transcription-initiation sites of the sialophorin gene w identified by SI-nuclease protection using a 164 bp PvuII-M. fragment spanning the first exon and 5' flanking sequence. T fragment was isolated by polyacrylamide-gel electrophoresis a passively eluted. The 5' end of the non-coding strand v radiolabelled using polynucleotide kinase (New England Biola and [y-32P]ATP (Amersham Corp., Arlington Heights,: U.S.A.). The 3' end of the sialophorin gene was analysed introns using a 2.4 kb Taql fragment. This fragment was purif by agarose-gel electrophoresis, followed by electroelution, a the 3' end of the non-coding strand' was radiolabelled' using large (Klenow) fragment of DNA polymerase I (New Engla Biolabs) and la-32P]dCTP (Amersham Corp.). The Si-nucle protection experiments were performed as described by Berk k.)
Sharp [26] . Briefly, total RNA was isolated [27] digested with a number of restriction endonucleases generated sialophorin-specific hybridization patterns comparable with the simple patterns observed in similar analysis of human chromosomal DNA (results not shown), indicating that AS20 contains the single authentic human sialophorin gene. A 6.5 kb HindlIl fragment of AS20 containing the entire sialophorin gene was subcloned into pAA-PZ618 for detailed restriction mapping and sequence determination. The strategy used to sequence the 6.5 kb HindIII fragment is illustrated in Fig. 1 ; the sequence is shown in Fig. 2 . As described below, the gene is approx. 4 .6 kb and comprises two exons and one intron.
Transcription initiation sites and first exon
Primer extension and S1 -nuclease protection experiments were performed to identify the sites at which sialophorin-gene transcription is initiated. Both analyses yielded the same two major products (Fig. 3b, lanes 3 and 4) . These findings establish that transcription is initiated principally at two sites (indicated by arrows in Figs. 1 and 3) , the thymidine at nucleotide position 1 and the adenosine at nucleotide position 56, which give rise (respectively) to 125 and 70 nucleotides of 5' untranslated region Vol. 270 specified by exon 1. Upstream of each major product are several minor products, possibly representing minor transcription initiation sites. Whether the two major transcription initiation sites are used differentially to define the specific 5' termini of the 1.9 and 4.3 kb transcripts is unknown.
Intron
The sialophorin gene contains a single intron of 378 bp that interrupts the sequence specifying the mRNA 5' untranslated region. Sequences at its 5' and 3' ends are in general agreement with the consensus sequences derived from equivalent positions in other eukaryotic genes [30] .
Second exon
The second exon is approx. 4 3) and primer-extension analysis (lanes 2 and 4) using 10 jug of yeast tRNA (lanes 1 and 2) and 10 ,ug of human CEM poly(A)+ RNA (lanes 3 and 4). Lanes marked T, C, A and G represent the reference dideoxy sequencing reactions. This panel is aligned to allow direct comparison of the genomic sequence with the transcription start sites depicted in lanes 3 and 4 of (b). Arrows on the sequence depicting the sense strand derived from the sequencing reactions mark the major transcription initiation sites located 70 and 125 nucleotides upstream of the 5' end of the intron.
4616 (i.e. 2285 and 2309 bp further downstream) are used to specify the 3' terminus of the 4.3 kb mRNA. The genomic sequence contains only one intron (described above) in the region corresponding to the cDNAs previously sequenced by us ([20] ; C. S. Shelley, E. Remold-O'Donnell, F. S. Rosen & A. S. Whitehead, unpublished work). Since these cDNA clones lack the 1.3 kb at the extreme 3' end of the 4.3 kb mRNA, the 3' end of the gene was examined for intron content by S1-nuclease protection assays. The 2.4 kb genomic DNA fragment used as a probe overlapped the 79 nucleotides at the 3' end of HPB2.5, the longest partial cDNA clone derived from the 4.3 kb mRNA (Fig. 4) . A 1.5 kb protected product was generated, establishing that there are no introns in the portion of the 3' untranslated region that is unique to the 4.3 kb mRNA. Therefore a combination of SI-nuclease mapping and genomic DNA sequencing, in addition to Northern-blot analysis and cDNA sequencing [20] , independently predict sialophorin mRNAs of 1.9 and 4.3 kb.
3' Non-coding region
The 3' untranslated region common to the two sialophorin mRNAs contains an inverted Alu repeat sequence between nucleotides 1883 and 2164 (Fig. 2) . The 3' untranslated region unique to the 4.3 kb mRNA contains the 3' half of an Alu repeat between nucleotides 3045 and 3180 and a complete Alu sequence between nucleotides 4310 and 4587, which ends four nucleotides before the clustered polyadenylation signals (Fig. 2) . The 3' untranslated region of the 4.3 kb mRNA also contains a repeat element, (CT)1, (CA)13 (CG)12, between nucleotides 3312 and 3383 (Fig. 2) , the last 50 nucleotides of which have the potential to form Z-DNA.
The presence ofAUUU(A) [31] , UAUU [32] and UUAUUUAU [33] sequences in 3' untranslated regions may mediate mRNA instability. The 1.9 kb sialophorin mRNA has only two AUUU sequences and one UAUU sequence in its 3' untranslated region, whereas the 4.3 kb mRNA has eight additional AUUU sequences and three additional UAUU sequences. The only AUUUA motif, contained within the sequence UAUUUAU, is positioned at the start of the 3' untranslated region unique to the 4.3 kb mRNA. Therefore differential polyadenylation coupled with different stabilities of the 1.9 and 4.3 kb sialophorin mRNAs may provide a means of modulating sialophorin expression.
5' Flanking region
Upstream from the 3' major transcription initiation site at nucleotide 56, 1045 nucleotides have been sequenced. Between nucleotide -841 and -560 there is an Alu repeat. In the presumed promoter region there is a potential AP-2 binding site [34] between nucleotides -98 and -91, but there is no TATA box and only a degenerate CAAT box with the sequence CCACT. This latter motif begins 34 bp upstream from the 3' major transcription initiation site rather than the usual CAAT box location 70-80 bp upstream from a transcription initiation site [35] . However, the 100 nucleotides upstream of the 3 
Structure of the human sialophorin gene repeats. One such repeat, GGGCCC, which is present in forward and reverse orientations between the major transcription initiation sites, has dyad symmetry and represents six out of eight bases that could form the stem of a hairpin/loop structure (nucleotides 16-47; Fig. 2 ). The region between nucleotides -31 and + 14 is dominated by four repeat motifs (GCAGG, GGGTGGG, TGGAG, and GGGG) that comprise 96 % of the sequence. This region on the antisense strands also contains five copies of the sequence CACCC, which constitutes an important element of the promoters of adult ,-globin genes [36] . The absence of TATA-and CAAT-box motifs and the presence of GC-rich repeats is typical of the promoter regions of 'housekeeping' genes [37] . However, whereas the 5' flanking sequences of 'housekeeping' genes usually contain large numbers of CG dinucleotides [38] , no such region is present in the proximal 1045 nucleotides of the 5' flank of the sialophorin gene. The structure of the sialophorin gene promoter therefore lacks the features typical of the promoters of other well-characterized categories of genes.
3' Flanking region
Downstream of the five overlapping AATAAA sequences defining the 3' end of the 4.3 kb mRNA, 897 nucleotides have been sequenced. Between nucleotides 4695 and 4851 there is an extensive region of pyrimidine/purine (principally TG) repeats capable, in theory, offorming Z-DNA. Alternating TG sequences may act as signals for gene conversion and may constitute 'hot spots' of recombination and/or gene rearrangement [39, 401. Such elements may also weakly inhibit or enhance transcription [41, 42] . Alternatively, as UG repeats, this region may be involved in processing of precursor RNA at the 3' end [43] . There is an additional repeat, (TGAA)7, present between nucleotides 5231 and 5258, that is surrounded by two inverted partial Alu sequences (Fig. 2) .
Organization of the gene
The unusually large number of Alu sequences associated with the sialophorin gene suggests that retroposition may have played a role in the evolution of its structure: replacement of the bulk of an ancestral gene with a partially processed sialophorin transcript may account for the relative lack of introns. The lack of introns in the coding region, although unusual, is not unprecedented for integral membrane proteins. Other examples include the hamster /?-adrenergic receptor [44] and human thrombomodulin [45] . In particular, the organization of the sialophorin gene is similar to that of platelet glycoprotein Iba [46] . Each of these genes contains a single intron interrupting the mRNA 5' untranslated region and a long second exon specifying the remaining 5' untranslated sequence, the extracellular, transmembrane and intracellular portions of the protein and the mRNA 3' untranslated region. Each gene contains multiple Alu sequences and promoter regions with potential AP-2 binding sites, but lacking TATA and CAAT elements. Although their primary amino acid sequences are unrelated, sialophorin and glycoprotein Iba are major sialicacid-carrying O-glycosylated proteins on the surface of lymphocytes and platelets respectively.
